INTRODUCTION
============

Ribosome production is a major metabolic activity, which is tightly regulated during cell cycle progression. It is now well established that defects in ribosome biogenesis can trigger stress response pathways that modulate cell cycle checkpoints, like activation of the tumor suppressor p53 by HDM2 or ARF ([@gkt160-B1; @gkt160-B2; @gkt160-B3]). In Diamond--Blackfan anemia (DBA), a rare congenital erythroblastopenia, heterozygous mutations of ribosomal protein genes (10 identified to date) result in haploinsufficiency of the corresponding protein and defects in pre-ribosomal RNA (pre-rRNA) processing ([@gkt160-B4],[@gkt160-B5]). This ribosomal stress can result in higher levels of p53, which appear to be fatal for erythroid progenitor differentiation ([@gkt160-B6]), but it is likely that several stress response pathways are activated ([@gkt160-B2]). Other rare genetic diseases, like the Shwachman--Diamond syndrome or the Treacher Collins syndrome, are also linked to defects in ribosome synthesis ([@gkt160-B7],[@gkt160-B8]). This has led to the definition of a new class of pathologies named ribosomal diseases or ribosomopathies. Understanding the mechanisms linking ribosome biogenesis and cell cycle control in human requires a better understanding of pre-ribosome maturation in mammalian cells.

In eukaryotes, four ribosomal RNAs (rRNAs) constitute the ribosome: the 18S rRNA in the small 40S ribosomal subunit and the 5.8S, 28S and 5S rRNAs in the large 60S subunit. These RNAs are synthesized from two genes, as the 18S, 5.8S and 28S rRNAs are included in a polycistronic transcript, the 47S pre-ribosomal RNA (pre-rRNA), generated by RNA polymerase I from the ribosomal DNA; the 5S rRNA is produced by RNA polymerase III from a specific transcription unit. The ribosomal genes are highly repeated and form clusters around which the nucleoli organize in the nucleus. Nascent pre-rRNAs assemble co-transcriptionally with ribosomal proteins and *trans*-acting factors, forming large ribonucleoproteic particles called pre-ribosomes. RNA folding and cleavage, nucleotide enzymatic modifications and ribosomal protein assembly gradually transform these early particles into mature ribosomal subunits, which involve the concerted activity of most of the 79 ribosomal proteins, \>150 *trans*-acting proteins and 70 snoRNPs in yeast ([@gkt160-B9; @gkt160-B10; @gkt160-B11]).

The yeast *Saccharomyces cerevisiae* has been the gold standard for defining the mechanisms of ribosomal RNA processing. Several cleavage sites have been precisely mapped in the external (ETS1, ETS2) and internal (ITS1, ITS2) transcribed spacers, which flank the mature ribosomal RNAs in the pre-rRNA ([Figure 1](#gkt160-F1){ref-type="fig"}) and are eliminated through several endo- and exonucleolytic steps ([@gkt160-B12]). However, recent studies have shown that, beyond some common features, there was no straightforward relationship between yeast and mammalian pre-rRNA maturation. This is particularly true for processing of the ITS1 during maturation of the 18S rRNA ([Figure 1](#gkt160-F1){ref-type="fig"}). We have shown that processing of the ITS1 in human cells starts in the nucleolus and ends in the cytoplasm ([@gkt160-B13]), as previously established in yeast. Nevertheless, it requires three endonucleolytic steps (cleavage at site 2, E and 3) ([@gkt160-B13]), whereas only two are necessary in yeast (cleavage at site A~2~ and D), as illustrated in [Figure 1](#gkt160-F1){ref-type="fig"}. Furthermore, loss-of-function experiments in HeLa cells of the pre-ribosomal factor Bystin/ENP1, or of the ribosomal protein RPS19, have revealed the potential involvement of a 3′--5′ exonuclease in the processing of the human ITS1 in the 21S pre-rRNA ([Figure 1](#gkt160-F1){ref-type="fig"}) ([@gkt160-B14]). Finally, although initial endonucleolytic cleavage of the ITS1 at site A~2~ in yeast is dependent on elimination of the ETS1 by cleavage at sites A~0~ and A~1~, the relative order of the cleavage of the 5′-ETS (ETS1) and the ITS1 is flexible in vertebrate cells, leading to several maturation pathways defined by specific processing intermediates ([Figure 1](#gkt160-F1){ref-type="fig"}) ([@gkt160-B15],[@gkt160-B16]). Noticeably, mutations in DBA affect ITS1 processing in a large proportion of cases, especially after mutation of the small ribosomal subunit protein genes *RPS19* ([@gkt160-B17; @gkt160-B18; @gkt160-B19]), *RPS26* ([@gkt160-B20]), *RPS10* ([@gkt160-B20]) and *RPS17* ([@gkt160-B21]), but also of the large subunit protein gene *RPL26* ([@gkt160-B22]). Figure 1.Processing of the pre-ribosomal RNAs. (**A**) Maturation of the 18S rRNA in yeast *S. cerevisiae* and in human cells. In vertebrate cells, the relative order of 5′-ETS elimination (cleavage sites A~0~ and 1) and ITS1 cleavage at site 2 results in alternative pathways, which are characterized by the presence of either 41S or 30S pre-rRNAs. The 30S pre-rRNA is more abundant than the 41S pre-rRNA in HeLa cells, indicating that the corresponding pathway is predominant. In yeast, ITS1 is first cleaved at site A~2~, this step is usually described as a post-transcriptional event (as presented here), but it may also occur co-transcriptionally. The nomenclature for the human pre-rRNA cleavage sites is adapted from previous studies ([@gkt160-B13; @gkt160-B14; @gkt160-B15]). (**B**) Position of the pre-rRNA processing intermediates discussed in this article. The gray box common to the 21S-C and the 36S-C species corresponds to the highly conserved region referred in the text as C-region ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)).

Here, we have investigated the mechanisms of ITS1 processing in HeLa cells by focusing on the formation of the 18S-E pre-rRNA, the last precursor to the 18S rRNA. The 18S-E pre-rRNA is generated in the nucleolus and exported to the cytoplasm where the 18S 3′-end is generated. Our results show that conversion of the 18S-E pre-rRNA to the 18S rRNA is a multi-step process, which first involves endonucleolytic cleavage at site E, defined here ∼80 nt downstream of the 18S 3′-end, and then 3′--5′ exonucleolytic trimming. This exonucleolytic processing gradually takes place between the nucleolus and the cytoplasm. In addition, endonucleolytic cleavage at site E is also followed by 5′--3′ exonucleolytic degradation by XRN2. This step may be mostly involved in the degradation of the excised ITS1, but it also defines a minor pathway for ITS1 removal in the 60S ribosomal subunit maturation. These data cast a new light on the mechanisms of pre-rRNA maturation in mammalian cells and show the unanticipated involvement of exonucleolytic processing in 18S rRNA formation in mammalian cells.

MATERIALS AND METHODS
=====================

Cell culture and knockdown of gene expression with small interfering RNAs
-------------------------------------------------------------------------

HeLa cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1 mM sodium pyruvate. Ten microliters of a 100 µM siRNA solution (Eurogentec, Seraing, Belgium) was added to the cell suspension (10^7^ cells in serum-free medium), and electro-transformation was performed with a Gene Pulser at 250 V and 950 µF in a 4-mm cuvette (Bio-Rad, Hercules, CA, USA). Different 21 mer siRNAs, whose efficiency was verified by quantitative polymerase chain reaction (qPCR), were used to knockdown expression of the following human protein genes: *RPS10* (GenBank accession number: NM_001014): 5′-GAACCGGAUUGCCAUUUAUdTdT-3′ (siRNA *rps10*); *RPS15* (GenBank accession number: NM_001018): 5′-UCACCUACAAGCCCGUAAAdTdT-3′ (siRNA *rps15*); *RPS20* (GenBank accession number: NM_001023): 5′-GGUGUGUGCUGACUUGAUAdTdT-3′ (siRNA *rps20*); *RPL26* (GenBank accession number: NM_000987): 5′-GTCCAGGTTTACAGGAAGAdTdT-3′ (siRNA *rpl26*); *PES1* (GenBank accession number: NM_014303): 5′-GGCCTTGAGAAGAAGAAGTdTdT-3′ (siRNA *pes1*); *RIO2* (GenBank accession number: NM_018343): 5′-ACAUGGUGGCUGUAAUAAAdTdT-3′ (siRNA *rio2*); *XRN2* (GenBank accession number: NM_012255.3): 5′-GCCTACCATTCACATTTGAdTdT-3′ (siRNA *xrn2*); *NOB1* (GenBank accession number: NM_014062.2): a mixture of 5′-CGCCCUGGAGCCAAUCUUCAAdTdT-3′ (siRNA *nob1Q1*), 5′-UUGCCCAACAUCGAUCAUGAAdTdT-3′ (siRNA *nob1Q2*) and 5′-UUGCCCAACAUCGAUCAUGdTdT-3′ (siRNA *nob1E3*). Experiments on transfected cells were performed 48 h after transfection of the siRNAs, except for hNOB1 knockdown, in which case the cells were treated for 6 days with siRNAs (three transfections at Day 0, 2 and 4). Control cells were electro-transformed with a scramble siRNA (siRNA-negative control duplex; Eurogentec). Anti-RRP6 and anti-hNOB1 antibodies were kindly provided by Dr Dominique Weil (CNRS, Paris) and Dr Ulrike Kutay (ETH Zürich), respectively.

Cell fractionation
------------------

Cells were removed by trypsin treatment and washed successively with phosphate-buffered saline and buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl~2~ and 10 mM KCl). Mechanical disruption was performed with a Dounce homogenizer in buffer A supplemented with 0.5 mM DTT, and 1/20 of total volume was used for total RNA extraction. After centrifugation at 1000*g* for 10 min at 4°C, the supernatant (cytoplasmic fraction) was recovered, and the nuclei-containing pellet was washed with 10 mM Tris--HCl, pH 7.5, 3.3 mM MgCl~2~ and 250 mM sucrose. After centrifugation, the pellet was suspended in 10 mM MgCl~2~ and 250 mM sucrose and purified by centrifugation (500*g* for 10 min, 4°C) on a sucrose cushion (0.5 mM MgCl~2~ and 350 mM sucrose). To obtain nucleoplasmic and nucleolar fractions, 80% of the nuclear fraction was sonicated to disrupt nuclei. The nuclear suspension was separated by centrifugation (2000*g* for 10 min, 4°C) on a sucrose cushion (0.5 mM MgCl~2~ and 880 mM sucrose). Two-thirds of the supernatant were recovered (nucleoplasmic fraction), and the pellet was washed with 10 mM Tris--HCl, pH 7.4, 2.5 mM MgCl~2~ and 20 mM KCl. After centrifugation, the pellet was suspended in 10 mM Tris--HCl, pH 7.4, 10 mM NaCl and 10 mM DTT and kept at 15°C for 40 min under mild stirring. After sonication and centrifugation at 10 000*g* for 10 min at 16°C, the supernatant corresponding to the nucleolar fraction was recovered. RNAs were extracted with Tri Reagent (Molecular Research Center, Inc.) and dissolved in formamide at final concentration of 1 μg/μl.

RNase protection and 3′-RACE analysis
-------------------------------------

The probe was synthesized and labeled by *in vitro* transcription with T7 RNA polymerase (Promega, Charbonnières, France) in the presence of α^32^P-CTP (cytidine triphosphate). Transcription products were verified on a 6% polyacrylamide gel containing 7 M urea. Two micrograms of RNA was incubated overnight at 50°C with 250 000 cpm of the probe in 10 μl of 40 mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), pH 6.7, 400 mM NaCl, 1 mM ethylenediaminetetraacetic acid and 80% formamide. One hundred microliters of 10 mM Tris--HCl, pH 7.5, 200 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 100 mM LiCl and 1.5 μl of RNases A/T1 mix (Promega) were added to the solution, and digestion was carried out for 45 min at 30°C. The reaction was stopped by addition of 2 μl of 10% sodium dodecyl sulfate (SDS) and 20 μg of proteinase K (Sigma, Saint-Quentin Fallavier, France) followed by a 15 min incubation at 37°C. After phenol extraction and ethanol precipitation, digestion products were suspended and loaded onto an 8% polyacrylamide gel containing 7 M urea. After migration, the gel was dried and exposed. Signals were acquired with a PhosphorImager (FLA2000, Fuji, Stamfort, CT, USA) and quantified using the ImageGauge software.

The 3′-RACE (Rapid Amplification of cDNA Ends) analysis was adapted from Kiss and Filipowicz ([@gkt160-B23]). Primer ITS1-Hs-RACE (5′-CGCGAATTCGATCATTAACGGAGCCCGGAG-3′), which spans the 18S-ITS1 junction up to nucleotide 11 in the ITS1, was used for PCR amplification. The amplified fragments were sub-cloned and automatically sequenced.

Northern blot
-------------

Three micrograms of total RNAs was separated on a 1.2% agarose gel containing 1.2% formaldehyde and 1× Tri/Tri buffer (30 mM triethanolamine and 30 mM tricine, pH 7.9). RNAs were transferred to Hybond N^+^ nylon membrane (GE Healthcare, Orsay, France) by passive transfer and cross-linked under ultraviolet light. Membrane pre-hybridization was performed at 45°C in 6× SSC (saline-sodium citrate), 5× Denhardt's solution, 0.5% SDS and 0.9 μg/ml tRNA. The 5′-radiolabeled oligonucleotide probe was added after 1 h and incubated overnight at 45°C. The pre-hybridization and hybridization temperatures were raised to 65°C for the ITS1-38, ITS1-49, ITS1-59 and ITS1-78 probes. Membranes were washed twice for 10 min in 2× SSC and 0.1% SDS and once in 1× SSC and 0.1% SDS, and then exposed.

Primer extension
----------------

Reverse transcription was performed using the ThermoScript™ reverse transcriptase--PCR system (Invitrogen, Paisley, UK). Four micrograms of total RNA was incubated with 50 000 cpm of radiolabeled primer for 5 min at 65°C and then chilled on ice. cDNA synthesis was carried out under the manufacturer's conditions for 1 h at 60°C. The reaction products were precipitated and suspended in formamide loading buffer. Sequencing reactions were performed using the Thermo-Sequenase Cycle Sequencing kit (USB-Affymetrix, Temse, Belgium) as indicated by the manufacturer. One half of each reaction was loaded onto a 10% polyacrylamide gel containing 7 M urea. After migration, the gel was dried and exposed.

Probes
------

The sequences of the probes used for northern blot and/or primer extension were: 5′-ITS1 (5′- CCTCGCCCTCCGGGCTCCGTTAATGATC-3′), ITS1-38 (5′- GGAGGGAAGCGCGCGGCGGC-3′), ITS1-49 (5′-GGTGGGTGTGCGGAGGGAAG-3′), ITS1-59 (5′-GCGGTGGGGGGGTGGGTGTG-3′), ITS1-78 (5′-GCCCGCGCACGCGCCGCGTCG-3′), ITS1-102 (5′-GAACGAACGGGCACGCGGGC-3′), ITS1-565 (5′-GCGGGGGGGCGGACGAGGAG-3′), ITS1-598 (5′-TCCGCGCCGGAACGCGCTAG-3′), ITS1-721 (5′-GGAGCGGAGTCCGCGGTGGAG-3′), ITS1-815 (5′-ACGGCACACGCGCGGCAGGC-3′), 5′-ETS-b (5′-AGACGAGAACGCCTGACACGCACGGCAC-3′), 18S (5′-TTTACTTCCTCTAGATAGTCAAGTTCGACC-3′), ITS2 (mix of 5′-CTGCGAGGGAACCCCCAGCCGCGCA-3′ and 5′-GCGCGACGGCGGACGACACCGCGGCGTC-3′) and 28S (5′-CCCGTTCCCTTGGCTGTGGTTTCGCTAGATA-3′).

RESULTS
=======

Cleavage at site E is followed by 5′--3′ exonucleolytic processing of the ITS1
------------------------------------------------------------------------------

The 36S pre-rRNA is the precursor resulting from direct endonucleolytic cleavage at site E of the 45S pre-rRNA ([Figure 1](#gkt160-F1){ref-type="fig"}B). Direct cleavage of the ITS1 at site E is a minor pathway in HeLa cells, as indicated by the very low levels of 36S pre-rRNA relative to the 30S and 21S pre-rRNAs ([Figure 2](#gkt160-F2){ref-type="fig"}B and C, lane 1), which results from initial cleavage of the ITS1 at site 2 ([@gkt160-B14]). In contrast, the 36S intermediate is commonly observed in rodent cells ([@gkt160-B24]), which indicates different kinetics of cleavage at sites E and 2 (also called 2b and 2c in mouse) compared with human cells. It was recently shown that the 36S pre-rRNA is a substrate for the XRN2 exonuclease in mouse cells ([@gkt160-B24]). Similarly, we observed that knockdown of XRN2 in HeLa cells triggered accumulation of 36S pre-rRNA ([Figure 2](#gkt160-F2){ref-type="fig"}B and C, lane 4; see quantification in [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)). In parallel, a low molecular weight band was detected with probes hybridizing around positions 78 and 721 in the ITS1 ([Figure 2](#gkt160-F2){ref-type="fig"}B and C, lane 4). This band likely corresponds to the E-2 fragment produced by endonucleolytic cleavage of the 21S pre-RNA at site E. Accumulation of this fragment on XRN2 knockdown suggests that it is normally trimmed by XRN2. The levels of 41S and 21S pre-rRNAs were comparable with control, indicating that accumulation of 36S pre-rRNA was not because of defective cleavage at site 2. The amount of 30S pre-rRNA was reduced on XRN2 depletion, but we observed the appearance of the 30S^+1^ pre-rRNA. This precursor results from cleavage at site 2 without early cleavage of the 5′-ETS at site A′ ([Figure 1](#gkt160-F1){ref-type="fig"}A and B). Accordingly, it was also detected with the 5′-ETSb probe that hybridizes upstream of the 01/A′ site ([Figure 2](#gkt160-F2){ref-type="fig"}D, lane 4) ([@gkt160-B25]). Overall, the cumulative amount of 30S and 30S^+1^ pre-RNAs corresponded to the amount of 30S pre-rRNA in control cells, confirming that cleavage at site 2 was not affected. The accumulation of 36S pre-rRNA and of the E-2 fragment on XRN2 knockdown indicates that cleavage at site E in human cells is normally followed by 5′--3′ exonucleolytic trimming of the ITS1 by XRN2. Figure 2.Exonucleolytic processing of the ITS1 by XRN2 is perturbed by RPL26 or PES1 knockdown. (**A**) Position on the pre-rRNA of the hybridization probes used in the present work. (**B--E**) Northern blot analysis of pre-rRNAs in HeLa cells after knockdown of RPL26, PES1 or XRN2. (B) The ITS1-721 probe reveals increased levels of the 36S pre-rRNA in siRNA-treated cells, as well as the new 36S-C species in RPL26- and PES1-depleted cells. (C) Hybridization with the ITS1-78 probe reveals the fast migrating band observed in panel B, indicating that it corresponds to the E-2 fragment. The probe shows non-specific cross-hybridization with the 28S rRNA. (D) Hybridization with the 5′-ETS-b probe shows accumulation of the 30S^+1^ precursor in XRN2-depleted cells. Accumulation of the 5′-A′ fragment is also detected. (E) The 36S-C pre-rRNA accumulating on RPL26 and PES1 knockdown is not detected with the ITS1-565 probe (top panel), but it hybridizes with the ITS1-598 probe (bottom panel). (**F**) Schematic representation of exonucleolytic processing of the ITS1 based both on the previously described data and on previous results on processing of the 21S pre-rRNA ([@gkt160-B14]). In the absence of RPL26 and RPS19, respectively, 5′--3′ processing of the 36S RNA or 3′--5′ processing of the 21S pre-rRNA are stalled on both sides of a highly conserved region of the ITS1 (C-region), represented as a light grey box.

A highly conserved cis-acting element involved in the control of ITS1 processing
--------------------------------------------------------------------------------

We have recently reported that depletion of ribosomal protein RPL26 in HeLa cells blocks cleavage at site 2, but not cleavage at site E, as indicated by accumulation of 18S-E and 36S pre-rRNAs and decreased levels of 21S and 30S pre-rRNAs \[([@gkt160-B22]); [Figure 2](#gkt160-F2){ref-type="fig"}B and C, lane 2\]. In addition, using a probe complementary to the core of the ITS1, we observed a band migrating just below the 36S pre-rRNA ([Figure 2](#gkt160-F2){ref-type="fig"}B, lane 2). Assembly of Rpl26p in pre-ribosomes in *S. cerevisiae* was shown to require Nop7p, the yeast homolog of human PES1 ([@gkt160-B26]). Accordingly, HeLa cells treated with siRNAs targeting expression of PES1 displayed a phenotype similar to that observed in RPL26-depleted cells ([Figure 2](#gkt160-F2){ref-type="fig"}B, lane 3). By northern blot analysis, we localized the 5′-end of the lower migrating species between nucleotides +570 and +602 of the ITS1 ([Figure 2](#gkt160-F2){ref-type="fig"}E). Primer extension experiments showed arrests around position +590 in cells treated with the siRNAs *rpl26* (data not shown). We named this species 36S-C (corto is the Italian for short). When PES1 or RPL26 were co-depleted with XRN2, we observed an increase in 36S pre-rRNA, whereas the amount of 36S-C RNA slightly decreased ([Figure 2](#gkt160-F2){ref-type="fig"}B, lanes 5 and 6). No fragment extending from site E to the 5′-end of the 36S-C RNA was detected, unlike what would be expected from endonucleolytic cleavage of the 36S pre-rRNA. This result suggests that exonucleolytic processing of the 36S pre-rRNA is stalled or delayed around position +590 in the ITS1, giving rise to the 36S-C RNA. Noticeably, the 5′-end of the 36S-C RNA is located in the same region as the 3′-end of the 21S-C intermediate, which putatively arises from 3′ to 5′ exonucleolytic trimming of the 21S pre-rRNA ([@gkt160-B14]). We found that the 45 nt region delineated by the 5′-end of the 36S-C pre-RNA and the 3′-end the 21S-C pre-RNA corresponds to the most conserved segment in the ITS1 of mammals ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)). This region might control the progression of exonucleases that trim the ITS1 after endonucleolytic cleavage at sites E and 2 ([Figure 2](#gkt160-F2){ref-type="fig"}F).

Mapping of site E
-----------------

Cleavage at site E generates the 18S-E and the 36S pre-rRNAs. This site has not been precisely mapped. We took advantage of the accumulation of 36S pre-rRNA in cells depleted of XRN2 to localize site E. By northern blot, we detected the 18S-E pre-rRNA and not the 36S pre-rRNA with the ITS1-38 probe ([Figure 3](#gkt160-F3){ref-type="fig"}A), which hybridizes between nucleotides +38 and +57 in the ITS1 ([Figure 3](#gkt160-F3){ref-type="fig"}C). In contrast, the ITS1-78 probe spanning the +78 to +98 segment detected the 36S RNA and the E-2 fragment in XRN2-depleted cells but not the 18S-E pre-rRNA ([Figure 3](#gkt160-F3){ref-type="fig"}A). The 5′-end of the 36S RNA was then mapped by primer extension, with a probe complementary to nucleotides +102 to +121. Consistent with the northern blot data, we identified two extension arrests that were stronger after XRN2 knockdown at nucleotides G5606 (+79) and G5609 (+82) ([Figure 3](#gkt160-F3){ref-type="fig"}B). Reciprocally, when 3′-RACE experiments were performed to determine the 3′-end of the 18S-E, the longest RNA detected ended at position C5605 (+78) in several independent experiments (see dashed bars in [Figure 5](#gkt160-F5){ref-type="fig"}A in the nuclear and cytoplasmic fractions and in [Figure 6](#gkt160-F6){ref-type="fig"}A for RPS20 and RPS15 knockdown). RNAs ending at position C5608 (+81) were also detected in two independent experiments (see dashed bars in [Figure 5](#gkt160-F5){ref-type="fig"}A in the nucleolar fraction and in [Figure 6](#gkt160-F6){ref-type="fig"}A for RIO2 knockdown). We conclude from these data that endonucleolytic processing of the ITS1 at site E corresponds to two cleavages after nucleotides C5605 (+78) and C5608 (+81) ([Figure 3](#gkt160-F3){ref-type="fig"}C). Figure 3.Mapping of site E. (**A**) Northern blot analysis of pre-rRNAs in control and XRN2-depleted cells. The ITS1-38 probe detects the 18S-E pre-rRNA, whereas the ITS1-78 detects the 36S pre-rRNA. The ITS1-49 and ITS1-59 probes detect neither of these species under these conditions. (**B**) Primer extension analysis of the 36S 5′-end in control and XRN2-depleted cells. The ITS1-102 oligonucleotide was used for reverse transcription. Arrowheads show two arrests that are enhanced in RNAs from XRN2-depleted cells, corresponding to nucleotides G5606 and G5609. (**C**) Schematic representation of probe hybridization sites on ITS1. Arrowheads indicate the cleavage positions for site E. The numbering relative to the rDNA transcription start site is indicated below the sequence.

The 18S-E pre-rRNA exists under several forms
---------------------------------------------

The 3′-RACE experiments performed to determine the extremity of the 18S-E pre-rRNA delivered a much more complex picture than previously envisioned ([@gkt160-B13]), as illustrated in [Figure 4](#gkt160-F4){ref-type="fig"}A, as well as in [Figures 5](#gkt160-F5){ref-type="fig"}A and [6](#gkt160-F6){ref-type="fig"}A. We observed multiple extremities, which suggest that the 18S-E pre-rRNA undergoes 3′--5′ exonucleolytic maturation after cleavage at site E. As described previously ([@gkt160-B13]), a fraction of RNAs ending around G5551 (position +24 of ITS1) was detected ([Figure 4](#gkt160-F4){ref-type="fig"}A). In addition, we found another set of extremities between G5562 and C5567 (+35 to +40 in the ITS1), which are collectively named '18S-E/36' in the rest of the text. Less than 10% of the RNAs ended after positions +58. The low abundance of these longer forms likely explains why probes covering the +58 to +78 segment (the ITS1-49 and ITS1-59 probes) did not detect the 18S-E pre-rRNA ([Figure 3](#gkt160-F3){ref-type="fig"}A). To confirm the presence of several 18S-E species, we performed RNase protection on total RNAs with a probe spanning the last 87 nt of the 18S rRNA and the first 63 nt of the ITS1 (see schematic in [Figure 4](#gkt160-F4){ref-type="fig"}B). As control templates, we used *in vitro* transcribed RNA fragments corresponding to the last 87 nt of the 18S rRNA followed by the first 24 or 36 nt of the ITS1 ([Figure 4](#gkt160-F4){ref-type="fig"}B, lanes 2 and 3). Five bands (visualized as doublets or triplets for undetermined reasons) were detected on total RNAs ([Figure 4](#gkt160-F4){ref-type="fig"}B, lane 1). As expected, the most intense band corresponded to the 18S rRNA. In addition, two bands could be distinguished around positions +24 and +36. Protection of the entire probe yielded the slowest migrating fragment. The fastest migrating band likely corresponds to a fragment of the 18S rRNA segment shortened on the 3′-end, as a radioactive probe spanning only the last 55 nt of the 18S rRNA gave a similar pattern with all the bands shifted towards the bottom of the gel ([Supplementary Figure S3B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)), indicating that the five bands contained the 18S rRNA nucleotides. Based on the 3′-RACE experiments, we could exclude the possibility that this fast migrating band was an alternative 3′-end of the 18S rRNA ([Supplementary Figure S3D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)), and we hypothesize that it corresponds to an experimental artefact. Taken together, the 3′-RACE and the RNase protection data show that the 18S-E pre-rRNA is present as different species, which are likely to correspond to sequential steps in the exonucleolytic processing of the 18S-E pre-rRNA after cleavage at site E. Figure 4.Analysis of the 3′-end of the 18S-E pre-rRNA reveals multiple forms. (**A**) Analysis by 3′-RACE of the 18S-E pre-rRNA in control cells (*n* = 126). In this cumulative plot, the bars correspond to the proportion of fragments ending at or before a given position. Each step in the graph can be read as the proportion of fragments with their 3′-end positioned at the corresponding nucleotide. Position +24 of the ITS1 is indicated in dark gray. (**B**) RNase protection analysis performed on cellular RNAs (lane 1) or *in vitro* transcribed RNA (lanes 2--4). The asterisk indicates an artefactual band (see 'Results' section and [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)). The highest band likely corresponds to full protection of the probe (up to nucleotide +63 in the ITS1). We checked that the probe was fully digested in the absence of HeLa cell RNAs ([Supplementary Figure S3A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)). The schematic shows the position of the probe and of the different *in vitro* transcribed RNAs relative to the pre-rRNA. Figure 5.Intracellular distribution of the different forms of 18S-E pre-rRNA. (**A**) Analysis by 3′-RACE of the 18S-E pre-rRNA in total (*n* = 40), nucleolar (*n* = 65), nuclear (*n* = 69) and cytoplasmic (*n* = 65) RNAs. The arrowheads indicate the 5′-ends of the 36S pre-rRNA mapped by primer extension ([Figure 3](#gkt160-F3){ref-type="fig"}). Position +24 of the ITS1 is indicated in dark gray. The dashed bars indicate the presence of fragments expected from endonucleolytic cleavage after nucleotides +78 and +81. (**B**) RNase protection analysis (upper panel) performed on RNAs isolated from cellular fractions. The positions of the fragments indicating protection by the 18S rRNA and the 18S-E/24 and 18S-E/36 forms are indicated. The same amount of RNA was hybridized to the probe in the different fractions. The distribution of the 18S rRNA precursors in the fractions used for the RNase protection assay is shown in the lower panel. T: Total; N: Nucleus; No: Nucleolus; Np: Nucleoplasm; C: Cytoplasm. Figure 6.Analysis of the 3′-end of the 18S-E pre-rRNA in progression RPS-depleted cells. HeLa cells were transfected for 48 h with siRNAs knocking down RPS10, RPS20, RPS15 and RIO2. (**A**) The 3′-RACE analysis of the 18S-E pre-rRNA in control cells (*n* = 86) or in cells depleted of RPS10 (*n* = 39), RPS20 (*n* = 38), RIO2 (*n* = 32) and RPS15 (*n* = 43). Position +24 of the ITS1 is indicated in dark gray. The arrowheads indicate the endonucleolytic cleavage sites determined in [Figure 3](#gkt160-F3){ref-type="fig"}B, and the dashed bars correspond to the fragments expected from endonucleolytic cleavage at these positions. (**B--D**) RNase protection analysis was performed on total (T), cytoplasmic (C) or nuclear (N) RNAs extracted from cells depleted of RPS10 or RPS20 (B), RIO2 (C) or RPS15 (D). The same amount of RNA was hybridized to the probe in the different fractions. Positions of the fragments protected by the 18S rRNA, the 18S-E/24 or the 18S-E/36 intermediates are indicated. (**E**) Northern blot analysis of the 18S rRNA precursors shows accumulation of 18S-E pre-rRNA after knockdown of various proteins, including RPS10, RPS15, RPS20 and RIO2 (5′-ITS1 probe). However, long forms of 18S-E pre-rRNA do not accumulate (ITS1-38 and ITS1-49 probes). Similar results are obtained after knockdown of RPS2 and RPS17, which leads to partial retention of 18S-E pre-RNA in the nucleus like RPS15 depletion ([@gkt160-B25]).

The 18S-E pre-rRNA is gradually matured from the nucleolus to the cytoplasm
---------------------------------------------------------------------------

The 18S-E pre-rRNA is formed in the nucleolus and exported to the cytoplasm, where it is maturated into 18S rRNA ([@gkt160-B13]). To understand the temporal relationship between 3′--5′ exonucleolytic processing and nuclear export of the 18S-E pre-rRNA, we performed nucleus--cytoplasm fractionation and analyzed the RNAs from each fraction by 3′-RACE and RNase protection. The 3′-RACE experiments revealed a majority (60--70%) of long species extending beyond position +40 in the nucleolar fraction of HeLa cells ([Figure 5](#gkt160-F5){ref-type="fig"}A). In contrast, such species represented \<10% of the clones amplified from the cytoplasmic fraction. The whole-nucleus fraction displayed an intermediate situation. The nucleolar and nuclear fractions contained 20--30% of fragments ending between positions 42 and 45. These species were much less abundant in the cytoplasm, where we observed accumulation of shorter pre-RNAs ending at positions +14 and +24, as well as a fraction of pre-RNAs with ends spreading between +35 and +42. The presence of the longest 18S-E species in the nucleolar and the nuclear fraction was supported by RNase protection experiments ([Figure 5](#gkt160-F5){ref-type="fig"}B and [Supplementary Figure S3B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)). As expected, RNase protection experiments also showed that the 18S rRNA was poorly detected in the nucleolar fraction but was strongly present in the cytoplasmic fraction and to some extent in the nucleoplasmic fraction because of cytoplasmic contamination ([Figure 5](#gkt160-F5){ref-type="fig"}B). This mature 18S rRNA likely competes with the 18S-E pre-rRNA for binding to the probe, which weakens the signal of the 18S-E pre-rRNA in these fractions. RNase protection performed on cellular fractions from U2OS cells gave similar results ([Supplementary Figure S3C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)).

The presence of intermediate forms of the 18S-E pre-rRNAs in the cytoplasmic fraction shown by 3′-RACE suggests that release from the nucleolus and nuclear export can take place rapidly after cleavage at site E. However, the asymmetric distribution of the long and short forms of the 18S-E pre-rRNA between the nucleolus and the cytoplasm strongly suggests that trimming of the 3′-end of the 18S-E RNA by exonucleolytic processing starts in the nucleolus and gradually proceeds during transport to the cytoplasm.

Depletion of progression ribosomal proteins of the small subunit (p-RPS) blocks final maturation of the 18S-E/24 pre-rRNA
-------------------------------------------------------------------------------------------------------------------------

We next investigated the relationship between the gradual maturation of the 18S-E pre-rRNA and the assembly of ribosomal proteins involved in the progression of the 18S rRNA maturation (p-RPSs) ([@gkt160-B25]). On knockdown of ribosomal proteins RPS10 and RPS20 with siRNAs, two proteins whose depletion results in cytoplasmic accumulation of 18S-E pre-rRNA ([@gkt160-B25]), 3′-RACE experiments showed a strong enrichment of fragments ending at nucleotide +24 in total RNAs ([Figure 6](#gkt160-F6){ref-type="fig"}A). Similar results were obtained on knockdown of kinase RIO2 ([Figure 6](#gkt160-F6){ref-type="fig"}A), a component of the pre-40S particle required for cytoplasmic conversion of the 18S-E pre-rRNA to 18S rRNA ([@gkt160-B13],[@gkt160-B27]). Consistently, we observed the accumulation of the 18S-E/24 intermediate on depletion of RPS10, RPS20 or RIO2 by RNase protection assay ([Figure 6](#gkt160-F6){ref-type="fig"}B and C). The 18S-E/24 intermediate accumulated in the cytoplasmic fraction, whereas the longer forms were more abundant in the nuclear fraction ([Figures 6](#gkt160-F6){ref-type="fig"}B and C). We next knocked down RPS15, which is required for nuclear export of the pre-40S particles ([@gkt160-B13],[@gkt160-B25]). As for RPS10 and RPS20, absence of RPS15 did not block the exonucleotytic processing of the 18S-E pre-rRNA, as shown by 3′-RACE ([Figure 6](#gkt160-F6){ref-type="fig"}A). In this case, we observed a conspicuous accumulation of short forms of the 18S-E pre-rRNA in the nuclear fraction by RNase protection ([Figure 6](#gkt160-F6){ref-type="fig"}D), as expected from nuclear retention of pre-40S particles. Accumulation of the 18S-E RNA on knockdown of RPS10, RPS15, RPS20 and RIO2 was detected on northern blots with the 5′-ITS1 probe, which hybridizes with all forms of 18S-E pre-rRNA, but not with a probe detecting only the longest forms ([Figure 6](#gkt160-F6){ref-type="fig"}E). The longest forms did not accumulate either on depletion of RPS2 and RPS17, two p-RPSs partly required for nuclear export of the pre-40S particles ([@gkt160-B25]). These data indicate that exonucleolytic trimming of 18S-E pre-rRNA down to nucleotide +24 does not strictly depend on correct assembly of the pre-40S particles. Removal of the last 24 nt in turn represents a second step that is affected on loss of function of RIO2 or ribosomal proteins.

Function of the exosome and of hNOB1 in the maturation of the 18S-E pre-rRNA
----------------------------------------------------------------------------

The exosome is a large protein complex originally described in yeast *S. cerevisiae* as involved in the processing of rRNA precursors, especially 3′-end maturation of the 5.8S rRNA ([@gkt160-B28]). It is also required for the degradation of misprocessed pre-rRNAs ([@gkt160-B29]). The catalytic activity of the exosome complex is ensured by two 3′--5′ exoribonucleases, Rrp6p and Rrp44p ([@gkt160-B30],[@gkt160-B31]), whose human counterparts, PM/Scl-100 (RRP6) and DIS3, are also associated to the exosome and located in the nucleus. A paralog of DIS3 called DIS3-like exonuclease 1 (hDIS3L1) has been described as a novel exosome-associated exoribonuclease, but it is located in the cytoplasm ([@gkt160-B32],[@gkt160-B33]). Another DIS3 paralog, hDIS3L2, possesses exonucleolytic activity *in vitro*, but its association with the exosome is still unclear ([@gkt160-B34]). To examine whether the exosome plays a role in the exonucleolytic maturation of the 18S-E pre-rRNA, we knocked down expression of RRP6 and DIS3, and analyzed the pre-rRNAs by northern blot. Knocking down RRP6 triggered a strong accumulation of 21S-C pre-RNA ([Figure 7](#gkt160-F7){ref-type="fig"}A). In addition, new bands were detected with probes ITS1-38, ITS1-49 and ITS1 59, which should recognize the long forms of the 18S-E pre-rRNAs (bands 'a' and 'b' in [Figure 7](#gkt160-F7){ref-type="fig"}A). Band 'a' suggested accumulation of a long form of 18S-E pre-rRNA. But as these bands were also detected with probes ITS1-78 and ITS1-815, we conclude that they likely correspond to aberrant precursors or to degradation intermediates containing a major part of the ITS1. Accordingly, no obvious accumulation of long forms of 18S-E pre-rRNA was observed by 3′-RACE or RNase protection (data not shown). Depletion of RRP6 also resulted in accumulation of 12S pre-rRNA and 5.8S precursors, consistent with previous results ([@gkt160-B33]). Knockdown of DIS3 by two different siRNAs induced a modest decrease of the global level of the 18S rRNA precursors, except for the 21S pre-rRNA ([Figure 7](#gkt160-F7){ref-type="fig"}B). In contrast, conversion of the 12S pre-rRNA into 5.8S rRNA was clearly affected, indicating a role for DIS3 in the maturation of the 5.8S ([@gkt160-B33]), similar to its yeast ortholog Rrp44p. Depletion of DIS3L1 or DIS3L2 did not seem to affect pre-rRNA processing (data not shown), which corroborates previous reports ([@gkt160-B33],[@gkt160-B34]). These data suggest a potential role of the exosome, and more specifically RRP6, in the processing of the 21S pre-rRNA. However, processing of the 18S-E pre-rRNA seems to be ensured by other exonucleases. Figure 7.Role of the exosome in human ITS1 processing. RNAs extracted from HeLa cells treated with siRNAs directed against the exosome subunits DIS3 and RRP6, or the putative endonuclease hNOB1, were analyzed by northern blot with various probes complementary to the ITS1 or the ITS2 ([Figures 2](#gkt160-F2){ref-type="fig"}A and [3](#gkt160-F3){ref-type="fig"}C). (**A**) Knocking down RRP6 led to accumulation of the 21S-C pre-rRNA. The 12S pre-rRNA also accumulated together with other precursors to the 5.8S rRNA. The efficiency of RRP6 depletion was assessed by western blot (inset). (**B**) Depletion of DIS3 with two different siRNAs mainly affected maturation of the 5.8S rRNA, as shown with the ITS2 probe. (**C**) Knockdown of hNOB1 prevented maturation of 18S-E pre-rRNA to 18S rRNA. The efficiency of hNOB1 depletion was assessed by western blot (inset).

Finally, we knocked down hNOB1, the human homolog of yeast endonuclease Nob1p, which catalyses the final cleavage at the 18S rRNA 3′-end ([@gkt160-B35]). As shown in [Figure 7](#gkt160-F7){ref-type="fig"}C, the 18S-E pre-rRNA did accumulate after hNOB1 depletion, which supports the hypothesis that hNOB1 performs endonucleolytic cleavage at the 18S rRNA 3′-end similar to Nob1p in yeast.

The 18S-E pre-rRNA is poly-uridylated in the cytoplasm
------------------------------------------------------

The 18S-E pre-rRNA sequences obtained by 3′-RACE often presented extra nucleotides at their 3′-end ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)). We often observed an extra A, which we interpreted as an artefact because of the presence of free adenosine triphosphate during the first step of 3′-RACE. But most interestingly, we noticed that a large fraction of the sequences obtained from cells treated with siRNAs against RPS10 or RPS20 were frequently extended by 1--5 uridines (53 and 61%, respectively). Such tails were also found, although to a lesser extent, in sequences from control cells or *rio2* siRNA-treated cells (22 and 20%, respectively). In contrast, only 4% of sequences had U tails in pre-RNA from siRNA *rps15*-treated cells ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)). Correlation of poly-uridine tail enrichment with accumulation of 18S-E pre-rRNA in the cytoplasm was confirmed by 3′-RACE on RNAs from cell fractionation: 23% of cytoplasmic sequences presented U tails, whereas only 7% of nuclear sequences had a U tail (data not shown). When 3′-RACE experiments were performed to study the 3′-end of the 21S pre-rRNA in cells treated with siRNAs *rps10* or *rps20* or in control cells, no U tails were found (data not shown), allowing us to exclude that poly-U stretches were artefacts because of the experimental procedure. Poly-uridine synthase activities were previously co-purified with pre-ribosomes ([@gkt160-B36; @gkt160-B37; @gkt160-B38; @gkt160-B39]). These results support a role for poly-uridylation in the maturation or the degradation of the 18S-E pre-rRNAs in the cytoplasm.

DISCUSSION
==========

In human cells, formation of the 18S rRNA is currently being envisioned as the result of the endonucleolytic cleavage at site 3 of the 18S-E precursor, which is formed after endonucleolytic cleavage of the ITS1 at site E. The data presented here show that conversion of the 18S-E precursor to mature 18S rRNA is in fact a multi-step process involving 3′--5′ exonucleolytic processing ([Figure 8](#gkt160-F8){ref-type="fig"}A). Figure 8.A model for processing of the 18S-E pre-rRNA in human cells. (**A**) The 18S-E pre-rRNA is generated by endonucleolytic cleavage of larger precursors at site E (C5605 or C5608). It is then subjected to 3′--5′ exonucleolytic digestion up to nucleotide G5551 (position +24 of the ITS1). The last nucleotides are likely removed by endonucleolytic cleavage by hNOB1 (like in yeast), but exonucleolytic trimming at this step could represent an alternative pathway. Poly-uridylation observed for the 18S-E/24 intermediate may be part of the maturation pathway or target degradation of stalled precursors. (**B**) A structure prediction of the first 24 nt of the human ITS1 with the Mfold software ([@gkt160-B40]) shows that it can form a stable hairpin.

Endonucleolytic cleavage at site E occurs at nucleotide C5605 and C5608
-----------------------------------------------------------------------

Our results indicate that cleavage E takes place after nucleotides C5605 (+78) and C5608 (+81). Interestingly, both cytidines are followed by a guanosine, suggesting a cleavage at CG dinucleotides. The E-2 fragment is readily detected when stabilized in XRN2-depleted cells, which attests that the 21S pre-rRNA undergoes endonucleolytic cleavage at site E. This cleavage site shares some similarity with the A~2~ cleavage site in yeast: both are coupled to elimination of the 5′-ETS, sensitive to depletion of RPS19 or ENP1, and dispensable for maturation of the large subunit. The Rcl1p protein has been proposed to be the site A~2~ endonuclease in yeast, which designates the human homolog of Rcl1p as a good candidate to catalyze cleavage at site E ([@gkt160-B41]). However, the sequence of site E does not recapitulate the consensus sequence proposed for Rcl1p. In mouse cells, a cleavage site was detected around position +55 in the ITS1, which is a GU-rich region that has no direct homology with the cleavage site determined here for human cells ([@gkt160-B42]). A nucleolar endoribonuclease able to process the ITS1 around the same position *in vitro* was later purified ([@gkt160-B43]), but the primary target of this endonuclease seemed to be the 18S/ITS1 junction.

The presence in the nucleolus of RNAs with 3′-ends extending downstream of C5608 may indicate the occurrence of additional cleavages. Alternatively, in line with our previous findings ([@gkt160-B14]), we do not exclude that some 18S-E pre-rRNA is generated by 3′--5′ exonucleolytic processing of the 21S pre-rRNA. Indeed, knockdown of RRP6 leads to accumulation of the 21S-C intermediate and decreased levels of 18S-E pre-rRNA. This suggests that the exosome may ensure processing of the 21S-C pre-rRNA to 18S-E pre-rRNA. Formation of the 18S-E pre-rRNA could thus be produced from the 21S pre-rRNA through different pathways. Alternatively, the longer species of the 18S-E pre-rRNA detected in the nucleolus may correspond to pre-rRNA degradation products through quality control mechanisms.

Endonucleolytic cleavage at site E is followed by 5′--3′ exonucleolytic processing
----------------------------------------------------------------------------------

Our results indicate that cleavage at site E is followed by exonucleolytic cleavage in both directions. Here, we show that, as described before in mouse ([@gkt160-B24]), the human 36S pre-rRNA is processed by the 5′--3′ exonuclease XRN2. This processing step may yield functional 32S pre-rRNA, as previously shown in mouse ([@gkt160-B44]). However, while it is a major precursor in rodent cells ([@gkt160-B24]), the 36S pre-rRNA is rare in human cells ([@gkt160-B14]), indicating that direct cleavage at site E of the 45S or 41S precursors represents a minor processing pathway. Alternatively, XRN2 may be more active in human cells than in murine cells. XRN2 is also involved in degradation of the ITS1 fragment generated by cleavage at site E of the 21S pre-rRNA.

A highly conserved region in the ITS1 regulating the progression of exonucleases?
---------------------------------------------------------------------------------

After RPL26 or PES1 knockdown, we observed accumulation of a species migrating between the 36S and the 32S pre-rRNAs, which we named 36S-C. This species likely results from an arrest of XRN2 processing rather than from endonucleolytic cleavage, as no complementary fragment was detected. Strikingly, the 5′-end of this intermediate corresponds to the 5′-boundary of the most conserved stretch in ITS1 among mammals ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)); likewise, the 3′-end of this region corresponds to the 3′-extremity of the 21S-C pre-rRNA, which results from 3′ to 5′ exonucleolytic trimming of the 21S pre-rRNA and accumulates after knockdown of ENP1 ([@gkt160-B14]), RPS19 ([@gkt160-B19]) or RRP6 (this work). We hypothesize that this segment might be a nodal point for the control of ITS1 processing. Strong secondary structures and/or the binding of specific maturation factors could prevent progression of the exonucleases. Several short stretches in this domain are complementary to the mature rRNAs, which also open the possibility that this region hybridizes with these segments in pre-rRNAs and serves as a folding chaperone.

Formation of the 18S rRNA 3′-end requires 3′--5′ exonucleolytic processing
--------------------------------------------------------------------------

Unexpectedly, the 3′-RACE experiments showed that endonucleolytic cleavage at site E is also followed by 3′--5′ exonucleolytic processing of the 18S-E pre-rRNA. The higher frequency of fragments ending around positions +35--40 and +24 in total RNAs, confirmed by RNase protection assays, may correspond to pausing of the exonuclease because of secondary structures, as shown for the first 24 nt of the ITS1, which can form a hairpin structure ([Figure 8](#gkt160-F8){ref-type="fig"}B).

This exonucleolytic maturation is coupled with nuclear export and may be envisioned as a biphasic process ([Figure 8](#gkt160-F8){ref-type="fig"}A). Processing of the 18S-E pre-rRNA starts right after endonucleolytic cleavage in the nucleolus, as shown by the abundance of RNAs ending between nucleotide +40 and +78 in the nucleolar fraction. Nuclear retention of the pre-40S particles by knockdown of RPS15 did not prevent formation of the 18S-E/24 form, which indicates that the exonuclease is already present in the nucleus. However, this form was more abundant in the cytoplasm than in the nucleus, suggesting that it is mainly formed after nuclear export, or that it is rapidly exported after being generated. Interestingly, it was previously shown that processing of the 3′-end of the 18S rRNA was preserved in a mini-gene containing 103 nt in the ITS1, but it was abolished when only 45 nt were left ([@gkt160-B45]). In light of our data, this result suggests that this first phase of the 18S-E pre-rRNA maturation is required for formation of the 3′-end of the 18S rRNA.

The second phase corresponds to elimination of the last 24 nt in the cytoplasm, which is specifically blocked by knockdown of RPS10, RPS20 or RIO2. In the yeast *S. cerevisiae*, formation of the 18S rRNA 3′-end is ensured by the endonuclease Nob1p ([@gkt160-B35]), whose human homolog hNOB1 was found in pre-40S particles extracted from HeLa cells ([@gkt160-B27]). Accordingly, we show here that knockdown of hNOB1 results in deficient processing of the 18S-E pre-rRNA, which strongly supports that hNOB1 has a similar function as its yeast ortholog. But the presence of 3′-extremities shorter than 24 nt in total or cytoplasmic RNAs ([Figures 4](#gkt160-F4){ref-type="fig"}A and [5](#gkt160-F5){ref-type="fig"}A) suggests that formation of the 18S rRNA 3′-end may be ensured by exonucleolytic processing, similar to the 5.8S rRNA. Consistent with this hypothesis, RNAs ending before position +24 were poorly detected in the nuclear and nucleolar fractions ([Figure 5](#gkt160-F5){ref-type="fig"}A) or after depletion of RPS10, RPS20 or RIO2 ([Figure 6](#gkt160-F6){ref-type="fig"}A). Thus, generation of these RNAs occurs in the cytoplasm and is controlled by proper assembly of the pre-40S subunit; their detection in the 3′-RACE experiments is not a mere experimental artefact. If these RNAs were degradation products, one would expect their presence under conditions where pre-40S particle maturation is blocked in the cytoplasm, which is not the case.

A number of exonucleases are candidates for 3′--5′ processing of the 18S-E pre-rRNA after cleavage at site E, starting with the exosome subunits DIS3 and RRP6. Our results do not support an exclusive role of the exosome in 18S-E pre-rRNA processing, as we see no clear contribution of DIS3 and RRP6 under conditions where their knockdown does affect 5.8S rRNA maturation. However, the strong effect of RRP6 depletion on the maturation of the 21S pre-rRNA may hamper the observation of RRP6 activity in 18S-E pre-rRNA trimming, and more work is required to identify the exonucleases involved in this process.

Poly-uridylation of the 18S-E pre-rRNA in the cytoplasm: a tag for maturation or for degradation?
-------------------------------------------------------------------------------------------------

We show here the presence of small poly-U tails at the 3′-end of cytoplasmic 18S-E pre-rRNA, the 18S-E/24 form being the most frequently poly-uridylated species ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt160/-/DC1)). Noticeably, a poly-U polymerase activity was already found associated with eukaryotic ribosomes ([@gkt160-B36; @gkt160-B37; @gkt160-B38; @gkt160-B39]). Poly-U polymerases with different functions have been described in several organisms \[see ([@gkt160-B46]) and ([@gkt160-B47]) for review\]. In human, a nucleolar poly-U polymerase is implicated in the recycling of U6 snRNA after splicing ([@gkt160-B48],[@gkt160-B49]), whereas two cytoplasmic poly-U polymerases are involved in histone mRNA degradation ([@gkt160-B50]). Similarly, the poly-U tails observed on the 18S-E RNA might act as a signal for cytoplasmic nucleases to engage the final maturation of the 24-nt form. Alternatively, it might target the 18S-E pre-rRNAs for degradation by the exosome similar to the short poly-A tails added on nuclear pre-rRNAs, which is mediated in yeast by the Trf4/Air2/Mtr4 Polyadenylation complex (TRAMP) complex ([@gkt160-B29]) and was recently shown to involve the poly(A) polymerase-associated domain-containing protein 5 in murine cells ([@gkt160-B51]). In this respect, the higher proportion of poly-uridylated 18S-E pre-rRNA after depletion of RPS10, RPS20 or RIO2 may reflect a more intense degradation activity because of stalled processing, or accumulation of the poly-uridylated particles unable to recruit the final maturation enzyme.

CONCLUSION
==========

These data deliver a new and complex picture of ITS1 processing in mammalian cells, which combines the activity of endonucleases with that of 5′--3′ and 3′--5′ exonucleases. Exonucleases, which also participate in RNA degradation, can couple RNA processing and quality control. Evolution of ribosome biogenesis mechanisms in mammals may have led to increased levels of control compared with yeast and to redundant mechanisms for 18S rRNA formation. Importantly, these results define a mechanistic framework to study the interplay of several DBA-linked ribosomal proteins that are known to be required at various steps of ITS1 processing: RPL26 in cleavage at site 2 and exonucleolytic degradation of the ITS1; RPS19 and RPS17 in cleavage at site E; RPS10 and RPS26 in the final maturation steps of the 18S rRNA. It remains to determine which enzymes are involved in these mammalian-specific maturation mechanisms, and whether these observations can be extended to other metazoans.
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